Sphingosine 1-phosphate (S1P), a lipid released from activated platelets, influences physiological processes in the cardiovascular system via activation of the endothelial differentiation gene (EDG/S1P) family of 7 transmembrane G protein-coupled receptors. In cultured vascular smooth muscle (VSM) cells, S1P signaling has been shown to stimulate proliferative responses; however, its role in vasoconstriction has not been examined. In the present study, the effects of S1P and EDG/S1P receptor expression were determined in rat VSM from cerebral artery and aorta. S1P induced constriction of cerebral artery, which was partly dependent on activation of p160 ROCK (Rho-kinase). S1P also induced activation of RhoA in cerebral artery with a similar time course to contraction. In aorta, S1P did not produce a constriction or RhoA activation. In VSM myocytes from cerebral arteries, stimulation with S1P gives rise to a global increase in [Ca 2ϩ ] i , initially generated via Ca 2ϩ release from the sarcoplasmic reticulum by an inositol 1,4,5trisphosphate-dependent pathway. In aorta VSM, a small increase in [Ca 2ϩ ] i was observed after stimulation at higher concentrations of S1P. S1P induced activation of p42/p44 mapk in aorta and cerebral artery VSM. Subtype-specific S1P receptor antibodies revealed that the expression of S1P 3 /EDG-3 and S1P 2 /EDG-5 receptors is 4-fold higher in cerebral artery compared with aorta. S1P 1 /EDG-1 receptor expression was similar in both types of VSM. Therefore, the ability of S1P to act as a vasoactive mediator is dependent on the activation of associated signaling pathways and may vary in different VSM. This differential signaling may be related to the expression of S1P receptor subtypes. (Circ Res. 2002;  91:151-157.) 
S everal studies have now shown that the bioactive sphingolipid, sphingosine 1-phosphate (S1P), is likely to play an important role in regulating cellular processes via activation of specific signal transduction pathways. [1] [2] [3] In the shortterm, S1P-induced activation of several intracellular signaling pathways occurs, such as an increase in the intracellular calcium concentration ([Ca 2ϩ ] i ), 4 activation of the monomeric GTP-binding protein, p21 RhoA (RhoA), 5 and activation of p42/p44 mitogen-activated protein kinase (p42/p44 mapk ). 6, 7 Through activation of these signaling pathways, S1P can induce longer term effects, such as proliferation, differentiation, and cell migration. 1 It is now clear that S1P-induced intracellular effects occur predominantly through activation of selective S1P receptors on the plasma membrane. 2 These receptors, belonging to the G protein-coupled receptor superfamily, originally known as EDG (endothelial differentiation gene) receptors. 8 Several isoforms have now been cloned and S1P 1 /EDG-1, 5 S1P 2 / EDG-5, 9 S1P 3 /EDG-3, 10 S1P 4 /EDG-6, 11 and S1P 5 /EDG-8 12 have high affinities for S1P with EC 50 s in the nmol/L range.
Recent studies have investigated the delineation of activation for S1P-induced transduction pathways with specific S1P receptor subtypes. 13, 14 In transfected cell lines, it has been demonstrated that increases in [Ca 2ϩ ] i are partly inhibited by pertussis toxin, suggesting involvement of G i , 13 although this effect can also occur via activation of G q 14 and production of inositol 1,4,5-trisphosphate (InsP 3 ). Cell lines overexpressing S1P 3 receptors, compared with S1P 1 , have a more pronounced increase in [Ca 2ϩ ] i . 13, 15 As with other receptors that couple to heterotrimeric G proteins, S1P receptors also activate the monomeric G protein, p21 RhoA (RhoA) 5 possibly via G 12 . 16 A recent study with S1P 3 receptor knockout mice has demonstrated that, whereas S1P-induced InsP 3 production was significantly decreased in embryonic fibroblast cells, RhoA activation was unaffected. 17 Through these in vitro studies, an understanding of selective S1P receptor signaling is emerging.
Recent studies have indicated the importance of S1P in the cardiovascular system, particularly its essential role in vascular development 18 and potential role in cardiovascular diseases. 19, 20 S1P is synthesized and stored by resting platelets and, after platelet activation, is released in high concentrations (nmol/L to mol/L range). 21 Both endothelial cells and VSM cells can be exposed to significant levels of S1P in vivo. In primary cultured VSM cells, S1P has a proliferative effect. 19, 20 In addition to these mitogenic effects, release of S1P from activated platelets may also modulate more rapid events, such as vasoconstriction. Intravenous injections of S1P results in decreased blood flow 22 and contraction in renal, mesenteric, and basilar arteries. 23, 24 The expression of S1P receptors and the signal transduction pathways activated by S1P in freshly isolated blood vessels have not yet been determined.
In the present study, we have compared 2 different types of smooth muscle: rat cerebral artery and rat thoracic aorta. Freshly isolated rat cerebral arteries express S1P 1 , S1P 2 , and S1P 3 receptors. S1P induces a release of Ca 2ϩ from intracellular stores and subsequent contraction. S1P can also activate RhoA in rat cerebral artery with a similar time course. In contrast, freshly isolated rat aorta expresses lower levels of S1P 2 and S1P 3 receptors compared with cerebral artery. In these cells, S1P at a physiological concentration range produces a negligible increase in [Ca 2ϩ ] i and does not activate RhoA. These results suggest an important role for S1P in regulating contractility of selective blood vessels after platelet activation. Evidence suggests that this select activation of signaling pathways may be partly dependent on the relative expression of specific S1P receptor subtypes.
Materials and Methods

Tissue Preparation and Tension Measurement
Sprague-Dawley rats (Ϸ250 g; Harlan Olac, Oxford, UK) were maintained in accordance with Home Office (UK) regulations and were euthanized by inhalation of CO 2 followed by cervical dislocation. Thoracic aorta and cerebral arteries (middle and basilar) were placed into ice-cold HEPES-buffered Krebs solution. Arteries were cleaned of connective tissue, and the endothelium was removed by gentle rubbing of the lumen. Endothelium-denuded arterial rings were attached to a force transducer (AE801, SensoNor AS). After determining contractile responses to 143 mmol/L K ϩ , rings were stimulated with either S1P or ET-1. In some experiments, the rings were incubated with 5 mol/L S1P to obtain a stable plateau contraction before Y-27632 was applied.
Enzymatic Dissociation of VSM Myocytes
Smooth muscle cells from cerebral arteries and aorta were isolated by enzymatic dissociation. Briefly, tissues were transferred to a Ca 2ϩ -free Hanks solution consisting of (in mmol/L) 55 NaCl, 80 Na glutamate, 5.6 KCl, 2 MgCl 2 , 10 glucose, and 10 HEPES (pH 7.4). Arteries were incubated for 20 minutes in solution containing 0.3 mg/mL papain (Sigma), 1 mg/mL dithioerythritol (Sigma), and 1 mg/mL BSA. Tissues were further incubated for 5 minutes in Hanks solution (37°C) supplemented with 1 mg/mL BSA, 0.8 mg/mL collagenase (Sigma), and 100 mol/L CaCl 2 . After several washes, tissues were triturated. Isolated smooth muscle cells were stored on glass-bottom dishes maintained at 4°C and used within 6 hours. Only cells that had an elongated morphology were used for imaging.
Imaging of [Ca 2؉ ] i
Individual VSM myocytes were loaded with 2 mol/L Fura-2 AM for 30 minutes in a solution containing (in mmol/L) 130 NaCl, 5.6 KCl, 1 MgCl2, 1.7 CaCl 2 , 11 Glucose, and 10 HEPES (pH 7.4) followed by a 20 minute de-esterification period. A Zeiss Axiovert 200 inverted microscope, equipped with a cooled CCD camera (Photometrics) and a polychromatic illumination system (T.I.L.L. Photonics), was used to capture fluorescence images with excitations at 340 and 380 nm. The ratio of the fluorescence intensity between the pair of frames (FR340/380) was calculated after background subtraction. The MetaFluor 4.6 software (Universal Imaging Corporation) controlled the illuminator and camera, and performed image ratioing and analysis. Results are expressed as F340/380 ratio. Experiments were performed at room temperature (22 to 24°C).
Electrophysiological Measurements
The whole-cell mode of the patch clamp technique was used to record currents evoked by S1P in smooth muscle cells from cerebral arteries. Patch pipettes (resistances, 4 to 8 M⍀) were filled with solution containing, in mmol/L (140 KCl, 0.1 CaCl 2 , 2 MgCl 2, 10 HEPES, 1.1 EGTA, 2 ATP; pH 7.2). Whole-cell currents were measured with an Axoclamp 2A (Axon Instruments Inc) and recorded at a membrane potential of Ϫ30 mV. S1P was externally applied by low-pressure ejection about 50 to 100 m away from the cell being recorded. Currents were captured and stored on digital audio tape using a digital tape recorder (DTR 1200, Biologic). Data were analyzed using a Tandon computer (Cambridge Electronic Design software, version 6.0).
Immunoblotting
Frozen tissue was added to lysis buffer and homogenized at 4°C in a Braun homogenizing vessel as previously described. 25 Protein was measured using a Lowry assay (Biorad) to ensure equal protein loading. In addition, samples were checked using Coomassie Bluestained gels, and membranes were stained with Ponceau Red to confirm protein loading. Whole-cell homogenates were used for immunoblotting with G␣-specific antibodies (anti-G␣ q , anti-G␣ 12 , and anti-G␣ 13 , Santa Cruz Biotechnology) and anti-p42/p44 mapk antibodies (phospho-and pan-) (New England Biolabs). For S1P receptor immunoblots, homogenates were centrifuged at 100 000g for 1 hour and the supernatant discarded. Proteins were separated by SDS-polyacrylamide gel electrophoresis (PAGE) and transferred to a nitrocellulose membrane (Biorad) as previously described. 25 The membranes were immunoblotted with primary antibodies followed by detection with horseradish peroxidase-conjugated secondary antibodies. The immunoreactive bands were visualized using enhanced chemiluminescence and quantitated with an imaging densitometer (Biorad GS-690). Only blots that were entirely nonsaturated pixels (as determined using Multianalyst software, Biorad) were quantitated to ensure linearity of densitometric analysis.
Monoclonal anti-S1P 3 /EDG-3 and anti-S1P 2 /EDG-5 receptor antibodies were obtained commercially from Exalpha Biologicals and characterized previously. They do not cross-react with S1P 2 /EDG-5 or S1P 3 /EDG-3, respectively, or with LPA 1 /EDG-2, LPA 2 /EDG-4, or S1P 4 /EDG-6. HEK cell overexpressing S1P 1 /EDG-1 receptor also did not show any reactivity with the S1P 3 /EDG-3 or S1P 2 /EDG-5 receptor antibodies (see the online data supplement available at http://www.circresaha.org). In addition, S1P 3 /EDG-3 receptor antibodies did not show any reactivity in HEK cells overexpressing S1P 1 /EDG-1 or S1P 2 /EDG-5. S1P 2 /EDG-5 receptor antibodies also did not show any reactivity in HEK cells overexpressing S1P 1 / EDG-1 or S1P 3 /EDG-3 (see online data supplement). Purified polyclonal anti-S1P 1 /EDG-1 receptor antiserum was raised in rabbit against the COOH-terminal (peptide sequence KDEGDNPETIMSS-GNVNSSS) of the human S1P 1 /EDG-1 receptor protein. This sequence is specific to the S1P 1 /EDG-1 receptor. The S1P 1 /EDG-1 antibody did not show any reactivity against HEK cells overexpressing S1P 3 /EDG-3 or S1P 2 /EDG-5 receptors.
Rho Activation Assay
The Sepharose-bound GST-Rhotekin-Rho Binding Domain (RBD) was used (Upstate Biotechnology). Tissues were dissected and denuded as described. In order to obtain sufficient tissue, the cerebral arteries from 5 rats were pooled for each sample. Three aortae were used per sample. Cerebral arteries and thoracic aorta were stimulated for 5 or 10 minutes with either S1P (10 mol/L) or ET-1 (100 nmol/L) and quickly frozen in liquid nitrogen. Frozen tissues were homogenized in buffer containing 50 mmol/L Tris.HCl (pH 7.2), 1% Triton X-100, 0.5% deoxycholic acid, 0.1% SDS, 500 mmol/L NaCl, 10 mmol/L MgCl 2 , 20 g/mL each of leupeptin and aprotinin, and 1 mmol/L phenylmethylsulfonyl fluoride (PMSF). Homogenates were clarified by centrifugation and incubated with the Sepharosebound GST-Rhotekin RBD for 45 minutes at 4°C. Beads were washed 3 times and GTP-RhoA bound to beads was eluted by boiling in Laemmli's SDS buffer. Proteins from each extract were separated by SDS-PAGE and transferred to nitrocellulose membrane, followed by immunoblotting with a specific mouse monoclonal anti-RhoA antibody (Santa Cruz Biotechnology) and a horseradish peroxidaseconjugated secondary antibody. Densities of bands corresponding to precipitated RhoA (GTP-RhoA) and total RhoA were quantitated with an imaging densitometer (Biorad GS-690). The amount of GTP-RhoA was normalized for the total amount of RhoA present in each sample.
Analysis of Data
Data are expressed as meanϮSEM. Significance was tested by means of Student's t test. A value of PϽ0.05 was considered significant.
Results
S1P-Induced Intracellular Ca 2؉ Increase in VSM Myocytes From Cerebral Artery and Aorta
Transient intracellular Ca 2ϩ increases were induced by extracellular application of S1P in myocytes from cerebral artery. Typically, the transients observed in single myocytes from cerebral artery exhibited a rapid increase in [Ca 2ϩ ] i followed by a slower decline ( Figure 1A) . The mean amplitude of the peak evoked by 1 mol/L S1P was 0.45Ϯ0.01 ratio units (nϭ109). In contrast to cerebral artery, stimulation of aortic myocytes with S1P produced only a small Ca 2ϩ increase ( Figure 1A ) at higher S1P concentrations (maximum 30 mol/L 0.13Ϯ0.03 ratio units; nϭ32). In both VSM types, 100 nmol/L ET-1 evoked transient Ca 2ϩ increases ( Figure  1B) . Amplitude of the ET-1 induced Ca 2ϩ responses was similar in the two types of VSM ( Figure 1C ). Identical intracellular Ca 2ϩ increases were induced in cerebral arteries and aorta after stimulation with 10 mmol/L caffeine (data not shown). S1P-induced increases in [Ca 2ϩ ] i with an EC 50 of 5 nmol/L ( Figure 1D ). The EC 50 for aorta was not calculated as it was in the nonphysiological range and a maximum could not be achieved.
As shown in Figure 2A , Ca 2ϩ mobilization after stimulation with 1 mol/L S1P propagates throughout the entire cerebral artery myocyte producing contraction. S1P produced Ca 2ϩ oscillations in approximately 50% of the cerebral artery myocytes (not shown). The S1P-stimulated Ca 2ϩ transient observed in cerebral arteries was concentration-dependent and saturable, indicative of a receptor-dependent response. The effects of thapsigargin in the generation of calcium responses to S1P were investigated. Such treatment almost completely abolished the Ca 2ϩ increases evoked by 1 mol/L S1P ( Figure 2B ). Removal of external Ca 2ϩ (in the presence of 0.5 mmol/L EGTA) or application of 2 mol/L nifedipine only slightly reduced the transient peak ( Figure 2B) . These results indicate that the peak increases in [Ca 2ϩ ] i evoked by S1P are due to calcium mobilization from intracellular stores. As S1P may stimulate the InsP 3 pathway, we used the phospholipase C (PLC) inhibitor U73122 and its inactive analogue U73343. Twenty minutes preincubation of cerebral artery myocytes with U73122 (1 mol/L) greatly decreased the responsiveness to 1 mol/L S1P, whereas the inactive analogue, U73343, had no effect on S1P-induced increases in [Ca 2ϩ ] i ( Figure 2B ). U73122 alone did not affect the resting Ca 2ϩ level nor the caffeine-induced Ca 2ϩ responses (data not shown), suggesting that it blocked the phosphatidylinositolspecific PLC without depleting the intracellular Ca 2ϩ store. To further determine the Ca 2ϩ signaling cascade evoked by S1P, we determined the effects of ryanodine, an inhibitor of the ryanodine receptor (RyR)/Ca 2ϩ -induced Ca 2ϩ -release (CICR). Perfusion with 10 mol/L ryanodine for 30 minutes reduced approximately 60% the amplitude of S1P-induced Ca 2ϩ release ( Figure 2B ).
S1P-Induced Ca 2؉ -Activated Currents
In voltage-clamped cerebral artery myocytes (Ϫ30 mV), extracellular application of 1 mol/L S1P activated outward currents ( Figure 2C ). These had a mean amplitude of 550Ϯ140 pA (nϭ8) with a reversal potential of Ϫ74 mV. In some cells (nϭ3), a fast transient inward current preceded the larger outward current and had a mean peak amplitude of Ϫ590Ϯ160 pA (not shown). These currents were inhibited by thapsigargin suggesting that S1P mobilizes Ca 2ϩ from stores and subsequently activates Ca 2ϩ -dependent conductances.
S1P Induced Contraction of Cerebral Artery but not of Aorta
The effects of S1P on contraction were examined in denuded cerebral arteries and denuded aortic rings. Exposure of cerebral arteries to 5 mol/L S1P produced a contractile response followed by prolonged plateau ( Figure 3A) . The S1P-evoked increase of tension developed slowly compared with KCl (143 mmol/L) or ET-1 (100 nmol/L)-induced contractions (data not shown) and corresponded to 35Ϯ5% (nϭ5) of the ET-1-induced contraction. In contrast, S1P did not change tension in aortic rings ( Figure 3A) . In cerebral artery myocytes, the time course of the S1P-induced rise in [Ca 2ϩ ] i was substantially quicker than the prolonged time course of contraction in cerebral artery rings ( Figure 3B ).
Y-27632 (10 mol/L) was used to assess the involvement of Rho-kinase in S1P-induced contraction of cerebral artery. Figure 2 . Ca 2ϩ responses evoked by S1P in fura 2-loaded freshly isolated cerebral artery VSM myocytes. A, Time-lapse pseudocolor images highlighting different phases of S1Pinduced Ca 2ϩ rise in cerebral artery myocytes. Images shown are nonsequential and time after 1 mol/L S1P application is indicated on each panel. B, Bar graphs show peak increases in [Ca 2ϩ ] i induced by 1 mol/L S1P in control conditions and after the following treatments: incubation with 1 mol/L thapsigargin (for 5 minutes); in Ca 2ϩ -free with 0.5 mmol/L EGTA containing solution for 30 seconds (a time sufficient to remove the voltagedependent Ca 2ϩ current); and in the presence of 2 mol/L nifedipine. In a second set of experiments, the peak increases in [Ca 2ϩ ] i induced by 1 mol/L S1P were measured in control conditions and under the following conditions: extracellular application of 1 mol/L U73122; extracellular application of 1 mol/L U73343 (for 30 minutes) and 10 mol/L ryanodine (for 30 minutes). Data are meanϮSEM with number of cells in parentheses. *Values significantly different from control conditions; PϽ0.05. C, Current trace showing the outward current obtained in response to extracellular application of S1P. Figure 3 . S1P-induced contraction and RhoA activation in rat cerebral arteries and aorta. A, Tension traces show the effects of 5 mol/L S1P on thoracic aorta and middle cerebral artery. S1P evoked a rise in tension of cerebral artery followed by a sustained plateau. On washout, tension returned to baseline. No change in tension was observed after incubation of aorta with S1P. B, Time course and amplitude of the mean change in tension and mean Ca 2ϩ increase after application of S1P. For tension data, nϭ6; for Ca 2ϩ increase data, nϭ25. C, Cerebral artery with S1P (5 mol/L). After maximum tension was reached, addition of the Rhokinase inhibitor Y-27632 (10 mol/L) reduced tension to baseline. D, Concentration-response curves showing inhibitory effect of Y-27632 on S1P (5 mol/L)-induced tension in cerebral arteries (nϭ8). E, Increase in GTP-bound RhoA proportional to total RhoA after stimulation with either 10 mol/L S1P or 100 nmol/L ET-1. CA indicates cerebral arteries; Ao, aorta. Panels show typical blots. Total-RhoA and GTP-RhoA are from the same samples. S1P increased the proportion of GTP-RhoA 4.2Ϯ0.6-fold (nϭ3) after 5 minutes of stimulation in cerebral arteries, compared with nontreated. S1P had a small effect on GTP-RhoA in aorta after 10 minutes of stimulation (1.5Ϯ0.1-fold increase, nϭ3). ET-1 increased the proportion of GTP-RhoA 5Ϯ1-fold in cerebral artery (nϭ3) and 5Ϯ0.4-fold in aorta (nϭ3).
Cerebral artery was stimulated with 5 mol/L S1P and maximum tension achieved. After the addition of Y-27632, the tension decreased to baseline ( Figures 3C and 3D ).
Rho Activation
Stimulation with 10 mol/L S1P increased the level of GTP-RhoA expressed as a proportion of total RhoA ( Figure  3E) . The association of the GST-Rhotekin RBD with GTP-RhoA is linearly proportional in smooth muscle homogenates as previously published. 26 The increase in GTP-RhoA was 4-fold after 5 minutes of stimulation with S1P. Stimulation with ET-1 in cerebral arteries also resulted in a 5-fold increase, compared with controls, in the proportion of GTPbound RhoA to total RhoA. In aorta, a 10-minute incubation with S1P did not produce a significant increase in GTP-bound RhoA (1.5-fold). However, ET-1 (100 nmol/L) induced a 5-fold increase in GTP-bound RhoA.
Expression of S1P Receptor Subtypes, G␣ q and G␣ 12/13 , in Cerebral Arteries and Aorta VSM
The expression pattern of S1P receptors was examined using specific receptor subtype antibodies. All 3 subtypes examined were expressed in aorta and cerebral artery tissues (Figure 4) . Densitometric measurements showed that the level of S1P 1 protein expression was similar in both tissues. However, the expression of both S1P 2 and S1P 3 receptors was increased 4-fold in the cerebral arteries compared with aorta ( Figure 4) . The relative expression of G␣ q , G␣ 12 , and G␣ 13 was also assessed. G␣ q was slightly greater in cerebral arteries compared with aorta (1.4-fold; Figure 4 ). Expression of G␣ 12 and G␣ 13 was also slightly greater in cerebral artery compared with aorta (1.6-fold).
p42/p44 mapk Activation
Cerebral artery and aorta were stimulated with 5 mol/L S1P for 15 and 30 minutes and the activation of p42/p44 mapk was determined ( Figure 5 ). p42/p44 mapk was stimulated 4-fold after 15 minutes and 5-fold after 30 minutes following incubation with S1P in aorta. In cerebral artery, p42/p44 mapk was increased 3-fold after 15 minutes and 4-fold after 30 minutes compared with the total p42/p44 mapk present.
Discussion
Recent studies suggest that S1P exerts diverse physiological actions by activating S1P receptors in cultured VSM cells. 18 -20 However, the relative contribution of S1P in regulating vascular tone, and the intracellular mechanisms involved, has not yet been addressed. The aim of this study was to determine the effects of S1P on 2 types of freshly isolated vascular smooth muscle. The results of our studies demonstrate that S1P can act as a vasoactive substance in cerebral artery but not in aorta. S1P can produce a global increase of [Ca 2ϩ ] i by an InsP 3 -mediated mechanism with a subsequent increase in tension in cerebral artery. S1P stimulation also resulted in an increase in GTP-bound RhoA, indicating RhoA activation, in a time course compatible with a role in cerebral artery vasoconstriction. Inhibition of the downstream effector of RhoA, Rho-kinase, results in a significant reversal in the tension produced by S1P. In aorta, similar concentrations of S1P do not appear to activate RhoA. The differential effects of S1P in different blood vessels may be due to alterations in upstream intracellular signaling proteins or membrane receptors. Although expression of G␣ 12/13 and G␣ q were similar in the 2 types of VSM, the relative expression of S1P receptor subtypes was significantly different. Cerebral arteries expressed S1P 1 , S1P 2 , and S1P 3 receptor subtypes. Aorta also expressed these 3 subtypes; however, the expression of S1P 2 and S1P 3 was significantly lower compared with cerebral artery.
Although this study is the first to determine S1P receptor expression in fully differentiated VSM, the relative expression of the S1P receptor subtypes in cerebral artery smooth muscle compared with aorta smooth muscle suggest that different vascular beds may express varying levels of S1P receptor subtypes. As pharmacological tools are not yet available to dissect out roles for each subtype, a direct comparison of expression with function in isolated tissue, such as VSM, is difficult to address. In cell lines it has been established that experimental manipulation of the relative Figure 4 . S1P receptor expression in membrane preparations from rat cerebral artery VSM and aorta VSM. A, Representative immunoblots stained with specific antibodies raised against S1P 1 , S1P 2 , and S1P 3 receptors. A band at Ϸ45 kDa is visible in membrane preparations from aorta and cerebral artery (20 g/lane), and from transfected HEK293 cells overexpressing human S1P 1 receptor (10 g/lane). Nontransfected HEK293 cells showed a faint band with anti-S1P 1 receptor antibody after overexposure of blots. A single band of Ϸ48 to 51 kDa is identified on S1P 2 and S1P 3 receptor immunoblots in both VSM membrane preparations. Densitometric analysis showed similar levels of S1P 1 protein expression in aorta compared with cerebral artery (nϭ4). S1P 2 protein expression was greater in cerebral arteries compared with aorta (4.2Ϯ0.8-fold; nϭ4). Similarly, S1P 3 protein expression was also 4.4Ϯ0.2-fold (nϭ4) greater in cerebral artery compared with aorta. Immunoblotting with anti-smooth muscle actin from the same samples demonstrate relative protein loading. B, Relative expression of G␣ q , G␣ 12 , and G␣ 13 in cerebral artery compared with aorta. Levels of expression of G␣ q were slightly lower in aorta compared cerebral artery (1.4Ϯ0.3-fold in CA compared with Ao; nϭ3). Similarly expression of G␣ 12 and G␣ 13 were slightly lower in aorta compared with cerebral artery (G␣ 12 1.6Ϯ0.1-fold in CA compared with Ao; G␣ 13 1.4Ϯ0.2-fold in CA compared with Ao; nϭ3 for both).
expression of S1P receptor isoforms, for example by overexpression, has functional consequences for specific S1Pinduced intracellular effects. 5, 13, 15 This is also the case in cultured aortic VSM cells. 20 This study now suggests that in fully differentiated smooth muscle, a differential expression of S1P receptor subtypes may contribute to variations of the cellular responses to S1P in vivo. In rat aorta VSM, the lower relative expression (compared with cerebral artery) of S1P 2 and S1P 3 correlates with a lack of vasoconstriction and a greatly reduced S1P-induced global increase in [Ca 2ϩ ] i . Additionally, aorta VSM stimulated with S1P did not produce an activation of RhoA. (Because S1P 1 , S1P 2 , and S1P 3 receptors are present in aorta, some activation of RhoA may occur although the GST-rhotekin RBD "pulldown" assay utilized in this study would not detect such small increases). In cerebral artery, compared with aorta, the coupling of a greater S1Pinduced increase in [Ca 2ϩ ] i and higher expression level (compared with aorta) of S1P 2 and S1P 3 agrees with several previous studies in various cell lines demonstrating a direct correlation of S1P 3 expression in particular and S1P-induced Ca 2ϩ release. [13] [14] [15] 17 In support of these functional data, S1P receptor subtypes, S1P 2 and S1P 3 , can couple to G␣ q 13,15-17 linked to phospholipase C activation, whereas S1P 1 couples relatively selectively to G␣ i . 16, 27 Results from our study would also suggest that RhoA activation occurs predominantly via S1P 2 and S1P 3 receptors. Both S1P 2 and S1P 3 (but not S1P 1 ) can couple to G␣ 12 , 16 an upstream effector of RhoA activation. 28 In aorta, the expression of S1P receptors but the lack of S1P-induced vasoconstriction suggest that S1P may have other physiological effects in this VSM. S1P-induced stimulation of p42/p44 mapk was observed in aorta as well as in cerebral arteries. As activation of MAPK is associated with a proliferative response, S1P may be involved in the initiation of VSM proliferation as suggested in cultured aortic VSM cells, 19, 20 possibly via S1P 1 /G␣ i -coupled mechanism. 27 In cerebral VSM, S1P produced concentration-dependent increases in [Ca 2ϩ ] i with an EC 50 value similar to that of recombinant S1P receptors overexpressed in oocytes. 14 The S1P-induced increase in [Ca 2ϩ ] i is probably the result of Ca 2ϩ release from intracellular thapsigargin-sensitive stores because it fails to occur after inhibition of the sarcoplasmic reticulum Ca 2ϩ -ATPase. Moreover, removal of external Ca 2ϩ or inhibition of voltage-gated Ca 2ϩ channels had no significant effect on the S1P-induced Ca 2ϩ response. U73122 completely abolished the [Ca 2ϩ ] i response to S1P, indicating S1P-induced Ca 2ϩ transients were mediated by PLC activation and subsequent activation of InsP 3 -gated Ca 2ϩ release channels. Ryanodine decreased the S1P-induced increase in [Ca 2ϩ ] i , suggesting VSM cells use combined activation of InsP 3 receptors and of RyR/Ca 2ϩ -induced Ca 2ϩ release channels to release and propagate global increases in intracellular Ca 2ϩ . The ability of InsP 3 pathway to recruit RyR to generate Ca 2ϩ waves have been previously suggested in cerebral VSM. 29 The global increase in [Ca 2ϩ ] i is further shown by electrophysiological techniques. After S1P application, a global Ca 2ϩ rise presumably activates a large Ca 2ϩ -sensitive K ϩ current, 30 promoting repolarization of the cell membrane. This would also negatively regulate contractility, ie, lead toward relaxation. However, in this case the predominating effect is maintained contractility, probably via activation of the RhoA pathway. For comparison, the effects of another vasoconstrictor, ET-1, on the [Ca 2ϩ ] i in isolated VSM myocytes from rat cerebral artery and aorta was determined. These were similar in both types of VSM. The characteristics of the increase in [Ca 2ϩ ] i in response to a maximal concentration of ET-1 in cerebral artery was similar to that observed for S1P.
Smooth muscle contractility is regulated by the Ca 2ϩ /calmodulin-dependent phosphorylation of the myosin regulatory light chains (MLCs). Increases in MLC phosphorylation can also occur at constant Ca 2ϩ concentration through inhibition of the MLC phosphatase (ie, Ca 2ϩ sensitization). 31 It is now recognized that the p160 Rho-associated protein kinase (Rhokinase), which is activated by RhoA, can phosphorylate the MLC phosphatase, inhibiting its activity. 32 The ability of S1P to stimulate activation of RhoA in cerebral artery smooth muscle has important implications for its potential role as a vasoconstrictor. The prolonged contractile response obtained with S1P is not due to a sustained [Ca 2ϩ ] i and is likely due to RhoA activation. Rho-kinase inhibition reverses this prolonged contractile response 33 to S1P in agreement with a study in canine basilar arteries, 24 further demonstrating the involvement of the RhoA/Rho-kinase pathway in S1Pinduced vasoconstriction. The ET-1-induced contraction in cerebral arteries was also decreased by Rho-kinase inhibition, as previously reported in other smooth muscles. 34 Despite similar Ca 2ϩ release characteristics evoked by S1P and ET-1 in cerebral artery VSM, the contractile response of these vasoconstrictor agonists in whole arteries is different. The prolonged profile of the S1P-induced contraction is similar to that observed previously 24 and corresponds to its potential role in cerebral vasospasm, typified by a prolonged vasoconstriction. The ET-1-induced contraction is greater (60% to 70%) than the response to a maximal concentration of S1P. Figure 5 . Activation of p42/p44 mapk by S1P in aorta and cerebral artery VSM. After 15 and 30 minutes incubation with 5 mol/L S1P, cerebral artery (A) and aorta (B) revealed an increased activation of p42/p44 mapk as measured by phospho-MAPK antibodies. These increases were 2.9Ϯ0.7-fold (15 minutes) and 4.2Ϯ0.9-fold (30 minutes) for cerebral artery; 3.9Ϯ0.7-fold (15 minutes) and 5.1Ϯ1.1-fold (30 minutes) for aorta; nϭ3 for all lanes.
